A novel chronometry method is developed to date irradiated nuclear fuels. It is based on the measurement of two Cm isotopic ratios ( 244 Cm/ 246 Cm and 245 Cm/ 246 Cm) and does not require the addition of a yield tracer. The method relies on the decay of 244 Cm while the 245 Cm/ 246 Cm ratio is considered constant after irradiation. Feasibility is demonstrated using different types of irradiated fuels with known irradiation history. A precision of 5 year is reached so far but clear potential for improvement has been identified. The novel chronometry method represents a promising alternative to existing dating techniques for nuclear materials.
Introduction
Nuclear materials (NM) can be lost, stolen, or found unidentified. This could potentially be a serious safety or security concern, especially if the NM ends up in the hands of a malicious person or state [1] . When an unknown or illicit NM is found, an investigation is usually undertaken to establish its origin. Nuclear forensics techniques are used to elucidate where and when the NM was produced. Currently, there is only one general approach to date NMs. The principle of this approach is that a purified isotope decays to a daughter nuclide according to its radiological half-life.
By measuring the parent/daughter ratio, it is then possible to calculate when the NM was last purified using the Bateman equations [2, 3] . Several radio-chronometers are used such as 60 Co/ 60 Ni, 234 U/ 230 Th, 241 Pu/ 241 Am or 233 U/ 229 Th [2] [3] [4] [5] . However, these chronometry techniques have four main issues: 1. To accurately determine the concentrations of the mother and daughter nuclides, isotopically pure tracers are needed. If the tracer contains measurable amounts of the isotope to determine, it could significantly affect the measurement precision at low concentrations. 2. A chemical separation between the two elements is usually necessary and in some instance the separation can Marcus Christl and Nicolas Guérin have contributed equally to this study. be challenging when high separation factors are needed. This is generally the case when two isobaric isotopes are measured by mass spectrometry such as for 60 Co and 60 Ni [5] . 3 . An irradiated nuclear fuel is composed of a complex mixture of the original fuel element (e.g. uranium) as well as fission, activation, and decay products. The nuclear fuel is usually not purified after irradiation. The daughter product can be present in the sample by another route than the parent decays, which makes the isotopic ratio and dating incorrect. 4. If a nuclear material is found or left to the environment, the parent and daughter (usually representing two different elements) have most likely experienced chemical alteration. Since they have a different chemistry, their ratios might vary, which in turn might impede the use of traditional dating techniques. Therefore, new and more robust chronometry methods need to be developed.
Curium isotopes are formed by neutron activation in a nuclear reactor ((n, γ) reactions). The proportion of each Cm isotope in the fuel material is mainly affected by the fuel type, the neutron flux and energy, and the irradiation time, which can all vary significantly or be unknown. A high and long lasting neutron flux tends to produce more, higher mass Cm isotopes that can only be formed by the neutron activation of a lower mass Cm isotopes ( Fig. 1 ) [6] . While 244 Cm is mainly produced by an (n, γ) reaction on 243 Am with subsequent beta decay, the higher 24x Cm isotopes (x = 5, 6, 7, 8, 9) are mainly produced by neutron capture reactions 24x Cm(n, γ) 24(x+1) Cm. Contributions from alpha decay of higher mass x Cf-isotopes (x = 248-252) are considered negligible. When removed from the reactor (or any other source of neutrons), the amount of long-lived Cm isotopes 245 Cm, 246 Cm, 247 Cm, 248 Cm (t 1/2 = 8250 ± 70 year [7] , 4723 ± 27 year [7] (1.56 ± 0.05) × 10 7 year [8] , and (3.40 ± 0.06) × 10 5 year [8] , respectively) in the fuel is not significantly affected by radioactive decay and therefore remains practically unchanged for several centuries. This is not the case for 244 Cm, which decays relatively rapidly (t 1/2 = 18.11 ± 0.03 year [7] ). Consequently, the 245 Cm/ 246 Cm ratio remains almost constant for hundreds of years after the fuel has been removed from the reactor (dashed line in Fig. 2a ) while the 244 Cm/ 246 Cm ratio decreases significantly over the same period of time (full line in Fig. 2a Cm-isotopes, a correlation exists between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios during and at the end of the irradiation (full line in Fig. 2b ). The more neutrons the fuel has been exposed to, the more 246 Cm builds up leading to lower 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios (diagonal arrow in Fig. 2b ). When the fuel is removed from the reactor, the 244 Cm/ 246 Cm ratio decreases due to the radioactive decay of 244 Cm and the 244 Cm/ 246 Cm versus 245 Cm/ 246 Cm relation evolves along a vertical line (vertical arrows in Fig. 2b ). As an example, the dashed line in Fig. 2b shows the 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios after 10 year of storage.
In theory, the relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios at origin may depend on the energy spectrum of the neutrons and therefore on reactor technology. We cannot completely rule out this possibility because no efficient moderator exist inside the fuel. We therefore have to assume, unless proven otherwise, that the relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios at origin is valid for all irradiated fuel types. Once established, the relation can be used as a calibration curve. The measured 245 Cm/ 246 Cm ratio, which remains almost constant post irradiation, enables to calculate the 244 Cm/ 246 Cm ratio at the time of removal from the neutron flux (R 0 ) using the calibration curve. Knowing the actual 244 Cm/ 246 Cm ratio (R 1 , measured) and using the 244 Cm/ 246 Cm ratio at origin (R 0 , obtained from the calibration curve based on the measurement of 245 Cm/ 246 Cm ratio), the Bateman equation can then be used to calculate the time (t) since the nuclear material was last irradiated:
where λ is ln(2) divided by the half-life of 244 Cm.
This work presents a novel chronometry technique for dating irradiated nuclear fuels based on the measurement of two Cm isotopic ratios. The relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios at origin was determined experimentally with a number of uranium fuels with known time of removal from the reactor. The Cm isotopes were chemically purified from the irradiated fuels and the isotopes 244 Cm, 245 Cm, and 246 Cm were measured with compact, low energy accelerator mass spectrometry (AMS) [9] . AMS is the preferred technique for this work as it is very sensitive, has a large dynamic range, and provides sufficient suppression of molecular background in the actinide mass range. [10] .
Experimental

Reagents and tracers
The solutions were prepared using ultrapure water obtained from a Millipore Direct-Q5 water purification (1) t = ln(R 0 ∕R 1 )∕ system (Billerica, MA, USA). Trace metal grade nitric acid (HNO 3 ), hydrochloric acid (HCl), and ammonium hydroxide (NH 4 OH) were bought from Fisher Scientific (Fair Lawn, NJ, USA). Iron chloride solution (1000 mg L −1 ) was obtained from SCP Science (Baie d'Urfé, QC, Canada). The extraction chromatography resins UTEVA and DGA normal (2 mL cartridges, 100-200 μm) were bought from Eichrom Technologies (Lisle, IL, USA). The 248 Cm tracer solution was obtained from the National Institute of Standards and Technology (NIST) (Gaithersburg, MD, USA).
Sample description and fuel history
Four irradiated fuel types named A, B, C, and D were used for this work ( Table 1) . They were irradiated, with interruptions, for 1 to 15 years in the National Research Universal (NRU) reactor (Chalk River, ON, Canada), with decay times of 8 to 16 years ( Table 1 ). The fuel samples, which we had access to for this work, have been previously used for research activities. Pre-irradiation, fuels A and D were slightly enriched with 235 U. Fuel B was natural uranium and fuel C was a mixed oxide of natural uranium with a small amount of Pu.
The fuel bundles were opened at the Chalk River Laboratories (Chalk River, ON, Canada) using specialized facilities. The relative location of the sample in the fuel bundle (outer, inner, intermediate) is given in Table 1 . A fraction of the irradiated fuel was dissolved in a hot cell using a concentrated solution of HNO 3 and in some instances, a small amount of HF. Following dilution, a small aliquot was removed from the hot cell for further processing in a radioisotope laboratory. The amount of sub-sample needed for further processing was estimated using code data values from WOBI software [11] (results not shown). A sub-sample containing approximately 10 pg of 244 Cm was diluted to 10 mL with 8 M HNO 3 . Working with a smaller sample significantly reduced the radioactivity of the samples for safer handling.
Purification of Cm
There is no isobaric or molecular interference for the measurement of 244 Cm, 245 Cm, and 246 Cm by AMS, but, when working with irradiated fuel samples, it is necessary to purify Cm from actinides (An) and fission products to avoid contaminating the AMS instrument. Also, the sample radioactivity is significantly reduced by removing other radionuclides than Cm in the sample, which makes the handling and transportation safer.
Isolation of trivalent actinides and lanthanides
Cm was first purified using a UTEVA resin stacked on top of a DGA resin. The function of the UTEVA resin was mainly to retain U(VI), but also Th(IV) and Pu(IV) [12] . Most of the fission products were expected to pass through both resins [12] . The DGA resin retained the trivalent actinides (Am/ Cm), but also the lanthanides [12] .
The resins were mounted on top of a 12-hole vacuum box (Eichrom, Lisle, IL, USA) with a syringe reservoir on top of them. The resins were conditioned using 10 mL of 8 M HNO 3 . The sample, containing approximately 10 pg of 244 Cm in 10 ml of 8 M HNO 3 , was then passed through the resins. The resins were rinsed with 15 mL of 8 M HNO 3 . Cm(III), along with Am(III) and lanthanides (Ln) (III), were eluted from the DGA resin using 20 mL of 0.1 M HCl.
The activity of the Cm fraction was measured by gamma spectroscopy to evaluate and semi-quantify the radionuclides present (results not shown). After column separation, the total gamma activity of the Cm fraction was significantly lower. A significant amount of 241 Am was detected in each sample as expected. In some eluates, a significant activity of 154 Eu and 155 Eu was measured, which needed to be reduced for safe transportation and handling.
Lanthanide removal
To reduce the amount of Ln, 2 mL of the eluate solution (containing ~ 1 pg Cm) was slowly brought to dryness on a hot plate and re-dissolved with a 4 M KSCN + 0.1 M formic acid solution. The separation of Cm(III) and Am(III) from Ln(III) was achieved using an Eichrom method [13] , which consists in selectively retaining An(III) on a TEVA resin with a SCN − and formic acid solution and then eluting An(III) using a solution of 1 M HCl. The Ln isotopes, 154 Eu and 155 Eu, were undetected by gamma spectroscopy after separation (results not shown).
Separation of Am(III) from Cm(III)
The amount of 241 Am was 100 to 10,000 times higher than 244 Cm (based on code prediction). To avoid contamination of the AMS, an additional separation step was used when necessary. After the lanthanide removal step, the solution of 1 M HCl was evaporated to dryness. Then, Am(III) and Cm(III) were separated using a newly developed method by Kazi et al. [14] . The separation was repeated until the amount of Am was lower than 1 pg (estimated by gamma spectrometry).
AMS target preparation
An amount of 2 mg of Fe(III) was added to each solution. The solution was basified to pH 9 with ammonium hydroxide and centrifuged. The precipitate was transferred into a quartz crucible using methanol. The sample was dried in a furnace at 600 °C for about 4 h. The precipitate was then mixed with 5 mg of Nb powder. The mixed powder was transferred into an AMS sample holder and pressed.
AMS measurement
The samples were measured using the compact low energy AMS system Tandy at ETH Zurich, Switzerland [9] . The ETH Zurich Tandy system combines high abundance sensitivity for the actinides (i.e. the rejection of neighboring masses) at a level of 10 −12 [15] with detection limits at the fg to ag level [10, 16, 17] . The removal of potential molecular interferences from the ion beam (e.g. 232 Th 16 O or 232 Th 12 C on masses 248 and 244, respectively) has been thoroughly investigated previously and the stripper pressure was chosen accordingly in order to provide sufficient destruction of these molecules [10] .
For each of the 16 samples and three blanks (Table 2) , the Cm isotopes 244 Cm, 245 Cm, and 246 Cm were counted sequentially with cyclic repetition. Gross counting rates were calculated for each isotope by dividing the total number of detected ions by the respective measurement time. Total measurement time for all isotopes was about 20 min per sample. The average counting rates of the blanks as well as the blank corrected counting rates of the samples are listed in Table 2 . The average counting rate of the blank samples was used for background correction ( Table 3 ). The uncertainty of the background correction, given by the standard deviation of the blanks, was propagated accordingly. The final (one sigma) uncertainties of the measured Cm isotopic ratios (Table 3) are given by counting statistics, the blank correction, and by the scatter of the measured ratios during cyclic repetition. A minimal scatter of 3% was assumed for the AMS measurement. Since no standard material suitable for AMS measurements of long lived Cmisotopes is available, the AMS data was not normalized. This might lead to an additional systematic uncertainty of less than 5% of the reported Cm-ratios. This systematic uncertainty is not included in the data (Table 3) .
Results
Measured isotopic ratios
The measured Cm-isotopic ratios of the irradiated fuel samples were calculated by dividing the according net counting rates (listed in Table 2 ). The resulting 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios (R 1 ) are listed together with their uncertainties in Table 3 . The net count rate at origin (CR net0 ) i.e. just after the fuel was removed from the reactor was calculated by correcting for the radioactive decay using the known age (t) of the fuel sample (from Table 1 
):
where λ is the decay constant of each respective Cm isotope (Ln(2)/t 1/2 ) and t the time between last irradiation and measurement ( Table 1 ). The uncertainty on the half-lives were considered negligible. Therefore, the uncertainty on CR net0 , ΔCR net0 , was calculated according to:
The 244 Cm/ 246 Cm and 245 Cm/ 246 Cm isotopic ratios at origin (R 0 ) were calculated using the resulting net counting rates at origin (CR net0 , Eq. 3), while uncertainties were calculated using Gaussian error propagation. R 1 (measured ratios) and R 0 (decay corrected ratios) are compared in Table 3 . The decay correction had a significant effect on 244 Cm/ 246 Cm value, but not on the 245 Cm/ 246 Cm ratio.
Fitting the relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm
The experimentally determined relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios at origin is shown for all investigated fuel types on a log-log plot in Fig. 3 . A non-linear relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios at origin has been predicted using code data calculations (results not shown), it now has been verified experimentally for the first time.
A linear fit was applied to the log-log data, which implies the assumption that the relation of the ratios can be described by a simple power law:
Applying the logarithm to both sides of Eq. (5) yields: In order to correctly take into account the uncertainties of the measured data (in x and y), an error weighted linear least squares fit was applied ( Fig. 3) [18] . Statistical analysis of the data showed that one data point (shown in brackets in Fig. 3 ) has to be considered as an outlier. Including this data point yielded a reduced Χ 2 -value of 4.4, which is far outside the 95% confidence range (calculated for 14 degrees of freedom (DoF), and 95% confidence level: reduced Χ 2 = 0.40…1.87). Excluding this data point yields a reduced Χ 2 -value of 1.60 which lies well within the 95% confidence interval (13 DoF, reduced Χ 2 = 0.39…1.90) indicating that (with the exclusion of one data point) the initial hypothesis of a power law relation is true at a 95% confidence level. Our results thus show that the relation between 245 Cm/ 246 Cm and 244 Cm/ 246 Cm (at origin) can be described using Eq. (5) .
The parameters (a and b, Eq. 6) for the linear fit are listed in Table 4 together with the associated uncertainties. In addition, the resulting value of c for the power law (Eq. 5) is given with the according uncertainty.
In summary, the 245 Cm/ 246 Cm ratio of a nuclear fuel can be used to determine the 244 Cm/ 246 Cm ratio at origin representing the point in time the nuclear fuel was removed from the neutron flux. As a consequence, we suggest the following approach to apply the novel Cm-dating method:
1. Measure the 245 Cm/ 246 Cm ratio and 244 Cm/ 246 Cm ratio (R 1 ) of the fuel sample (the addition of a tracer for isotopic dilution is not necessary and not recommended since it can be contaminated); 2. Use the measured 245 Cm/ 246 Cm ratio and Eq. (5) to calculate the 244 Cm/ 246 Cm ratio at origin (R 0 ); 3. Use Eq. (1) to calculate the time (t) since last irradiation of the fuel sample using R 1 and R 0 from above.
Age uncertainty calculation
To calculate the uncertainty on the fuel age, the uncertainty of both, the measured 245 Cm/ 246 Cm ratio and the calculated 244 Cm/ 246 Cm ratio from the calibration curve are taken into account as follows: Combining Eqs. (1) and (6) yields: Equation (7) relates time t with the basic input values: the measured Cm-isotopic ratios and the fit parameters (a and b). Applying Gaussian error propagation to Eq. (7) further yields:
Equation (8) is used to calculate the age uncertainties of the fuel samples and to estimate the precision of the chronometry method. In a reverse approach, the new method was tested with the calibration data to show the scatter of the obtained ages (Table 1 ).
Discussion
Different fuel types and Cm-isotope systematics
A correlation for 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios has been observed for all types of fuel used for this work (Fig. 3) . This was expected since 245 Cm (and subsequently 246 Cm) can, essentially, only be formed from 244 Cm by neutron activation. However, it is not possible to prove with our data that no difference may occur between different types of fuels. There is some indication that type 
A" fuel (SEU, squares in Fig. 3 ) has a different slope than type "B" fuel (nat. U, triangles in Fig. 3 ). However, the data basis for such a conclusion is too small. In addition, the available fuel samples did not have a simple irradiation history because they were re-used several times (i.e. put in and out of the reactor several times over the period of several years). Reusing the fuels might result in a more complex relation between Cm-isotopes than initially assumed, since 244 Cm decayed much more than 245 Cm and 246 Cm (dashed arrow in Fig. 2b ). The only way to verify with confidence if there is a different relation for each type of fuel would be to process more samples with known and simple irradiation history. Such samples, however, are currently not available so that it is not possible to answer this question at the moment with the available data. Significant differences were observed for the 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios from various samples of the same fuel bundle ( Table 1 and Fig. 4 , same fuel name). This difference can probably be explained by the location of the sample in the fuel bundle. In a CANDU bundle, the fuel is put in rods that are aligned in three concentric rings. The location of the rod can be inner, intermediate, or outer (Table 1 ). For both, fuel A and B, the measured 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios decrease from the inner rods to the outer ones (see Tables 1, 3) . Samples from fuel types C and D were from the same rings, so no correlation can be made. The above observation, for fuels A and B leads to the conclusion that the outer fuel rods experience more neutrons than the inner fuel rods for the same bundle. This effect has no influence on the chronometry model since all samples seem to follow the established relation between Cm isotopes.
Validation of the chronometry model
At its present level of development, an accurate validation of the chronometry model is challenging. All the available fuels were used to establish the relation between 245 Cm/ 246 Cm and 244 Cm/ 246 Cm (described by Eq. 5). It would have been possible to remove some points from the graph in Fig. 4 to show a fit between the calculated and real decay time of an unknown fuel, but the choice of the fuel would have been arbitrary. There is no reference material that could be used. We also could not find in the literature an article in which both the Cm isotopes ( 244 Cm, 245 Cm, 246 Cm) were quantified and the decay time of the fuel was mentioned. To properly validate the model, the analysis of more fuel samples will be necessary, which will be the focus of future studies.
Precision
The time at which a sample was removed from a reactor needs to be determined with high precision to obtain unambiguous information about the unknown material. In this section, we first give a theoretical estimate of the precision that can be obtained with the existing fit function for R 0 (Eq. 5). Then we apply the existing chronometry model to the fuel samples to get a practical idea about the scatter of the ages. In Eq (8), both, the fit parameters and their according uncertainties are constants. The relative analytical uncertainties for the AMS analysis of the Cm ratios ( 244 Cm/ 246 Cm and 245 Cm/ 246 Cm) can also be assumed constant (e.g. 5%, one sigma). Then, the uncertainty of the calculated age ( Δt in Eq. 8) only depends on the actual value of the measured 245 Cm/ 246 Cm ratio with all other parameters being constant. We can therefore express the final uncertainty of t as a function of the measured 245 Cm/ 246 Cm ratio ( Fig. 4 ). Using the fit parameters (and their uncertainties) listed in Table 4 , the uncertainties of the calculated ages vary between 3 and 7 year (lines in Fig. 4 ) depending on the relative uncertainties of the AMS analysis (5-15%) and on the 245 Cm/ 246 Cm ratio. We conclude that with the existing chronometry model a precision of ± 3 year (one sigma) is possible. To improve the dating uncertainty, the errors of the fit parameters for the determination of R 0 in the chronometry model have to be improved. This can be done by adding more data points to the existing fit function. The grey dashed line in Fig. 4a indicates that an absolute uncertainty of 1 year is possible if the analytical uncertainty is 2% or better and if the uncertainty of the fit parameters can be reduced to 5‰ (Fig. 4) .
To get a more practical idea of the achievable precision that can be obtained with the present chronometry model, the decay time of the fuels used in this work was calculated treating them as unknown samples. The calculated decay time and related uncertainties are listed in Table 1 . One sigma uncertainties range between 2.5 and 5.3 year, while absolute differences to the true age vary between 0.6 and 6.9 year. Most of the calculated fuel age values were approximatively 5 years (positively or negatively) from the expected values (12 out of 15). No systematic difference is observed for the different fuel types analyzed in this study (Fig. 5 ).
Accuracy and possible systematic errors
The observed variation between the measured and known age was quite significant sometimes (up to 7 year, Table 1 ), which is mostly due to the nonexact match between the measured 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios and the fit curve. The correlation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios was not exceptionally high (R 2 = 0.935) and one might speculate about systematic differences of some fuel types from the anticipated relation (Fig. 3) . The measurement uncertainties could only partially contribute to explain why the correlation is not optimal. Another explanation for the observed deviation could be that the chronometry model assumes a too simple irradiation history for the investigated materials. It is assumed that once the fuel is taken out of the reactor it is not re-exposed to the neutron flux again. If this was the case, it would result in a more complex Cm isotope pattern: While exposed to the neutron flux the Cm-isotopes evolve along the equilibrium line in Fig. 2b (Cm-isotopes are produced and decay evolving towards an equilibrium state). When taken out of the reactor the 244 Cm/ 246 Cm ratio will decrease due to the decay of 244 Cm, while 245 Cm/ 246 Cm stays constant. Thus the Cm-isotopes will evolve with time downwards on a vertical line (decay line in Fig. 2b) . Once re-exposed to a neutron flux Cm-isotope production continues and Cm-isotopes will evolve back towards the equilibrium line (curved arrow in Fig. 2b) . The storage and reuse of fuels thus would always create a Cm-isotope pattern that plots below the equilibrium line ( Fig. 3) .
Ideally, a chronometry model should be able to give the decay time of a sample within 1 year or less of precision. In principle, the chronometry model developed in this work could give such a precision, but this cannot be achieved with the current data. Future studies on samples irradiated in rather controlled conditions are necessary to improve the accuracy of the chronometry model.
Advantages and disadvantages
The main advantages of this chronometry method is that no tracer is needed and only two isotopic ratios of one element (Cm) are required to determine the age of a sample. Cm isotopes behave identically during chemical processing so that sample preparation does not affect the results. If a fuel particle was found in the environment, the isotopic ratios of Cm should not be significantly affected by the environmental factors compared to other chronometry models where 2 elements with a different chemistry are used. Also, in principle, the sample does not need to be purified after irradiation to be able to use this technique. Nevertheless, chemical processing of a highly radioactive material if often an advantage. The total activity of the sample can be significantly reduced making handling much easier and also the analytical device (AMS in our case) often requires rather clean samples with regard to the presence of other radionuclides. It is thus still necessary to apply a rather difficult chemical separation technique to purify the Cm isotopes, which is time consuming and imposes additional costs. The higher mass Cm isotopes are almost exclusively formed by neutron absorption. Therefore, the material does not need to have been purified after irradiation to be able to determine its age. This method gives the last irradiation time of the NM unlike the traditional chronometry method, which gives the last purification time. With the established chronometry model final age uncertainties of about 3 year (one sigma) are possible. One of the main factors currently limiting the precision is the quality of the fit function and the uncertainty of the associated fit parameters.
Conclusions
A novel technique was developed to date irradiated nuclear fuels that is based on the measurement of only two Cm isotopic ratios. The method does not need any tracer and can date unpurified irradiated fuel samples. The expected relation between 244 Cm/ 246 Cm and 245 Cm/ 246 Cm ratios was experimentally verified and a model was developed to predict the 244 Cm/ 246 Cm ratio at origin (i.e. the time the material was removed from the neutron flux). The sensitivity, precision, and possible sources of systematic errors of the method were discussed in detail. In principle, the Cm isotope based chronometry model can give the age of an irradiated fuel sample with a precision of about 1 year. This, however requires a more precise estimation of the fit parameters for the calibration curve. With the current setting age uncertainties of 3-6 year are realistic. With this pilot study, the base for a novel chronometry method was founded. Clear potential for improvement of the dating technique has been identified. Future studies will focus on improving the precision of this promising method and on its application in nuclear forensics and/or in environmental sciences.
